Abstract Conventional Langmuir probe techniques usually face the difficulty of being used in processing plasmas where dielectric compounds form, due to rapid failure by surface insulation. A solution to the problem, the so-called harmonic probe technique, had been proposed and shown effectiveness. In this study, the technique was investigated in detail by changing bias signal amplitudes V0, and evaluated its accuracy by comparing with the conventional Langmuir probe. It was found that the measured electron temperature Te increased with V0, but showing a relatively stable region when V0 > Te/e in which it was close to the true Te value. This is contrary to the general consideration that V0 should be smaller than Te/e for accurate measurement of Te. The phenomenon is interpreted by the non-negligible change of the ion current with V0 at low V0 values. On the other hand, the measured ni also increased with V0 due to the sheath expansion, and to improve the accuracy of ni it needs to linearly extrapolate the ni-V0 trend to V0=0. The results were applied to a diagnosis of the plasmas for chemical vapor deposition of diamond-like carbon thin films and the relationship between plasma parameters and films deposition rates was obtained.
Improvement of the

Introduction
Low-temperature plasmas have been widely used in etching and thin film deposition processes [1, 2] , and the plasma state is critical to the products. Thus, plasma diagnostics, which may provide many key plasma parameters (such as electron temperature and ion density, etc.), are of great importance to the controlling process. One of the most employed diagnostic tools is the Langmuir probe [3] , which has many advantages including easy execution, high space resolution and capability of providing many important parameters. Unfortunately, use of the Langmuir probe has been excluded from many processing plasmas where dielectric compounds form, since the probe will soon fail to work due to its surface insulative coating.
In order to solve the problem, researchers proposed a harmonic probe technique, which applies an alternative bias on the probe, and detecting the harmonics of the probe current [4−8] . By analyzing the harmonics data, the electron temperature T e and ion density n i may be calculated. Since the technique works with the displacement current, the problem of probe surface insulation may be circumvented.
The harmonic technique has shown effectiveness in some cases [7, 8] , and also some further improvements have been developed [9−11] ; however, it seems to have not been sufficiently investigated, e.g. the influences of the bias signal amplitude V 0 on the diagnostic results have not been studied systematically, though they are basic parameters for application of the technique. In this paper, we report our detailed study on the harmonic probe technique by changing V 0 with a fixed frequency of 5 kHz, and comparing with the results of the conventional Langmuir probe technique. Significant dependence of the measured T e and n i on V 0 was observed. The phenomenon was analyzed and an improvement of using the harmonics probe technique was proposed. The improved technique was used in diagnosing the plasmas for chemical vapor deposition (CVD) of diamond-like carbon (DLC) thin films. Fig. 1 shows schematically using the harmonic probe technique for plasma diagnosis. A sinusoidal bias V B = V 0 cos ωt is applied to the probe through a DC block-ing capacitor, and the probe current is detected by a shunt resister R S and analyzed by fast Fourier transform (FFT) to extract out the first and second harmonics, i 1ω and i 2ω for the following dispose. Assuming that the electrons are of a Maxwellian distribution, previous studies have shown [4] that the probe current i pr may be expanded with modified Bessel functions I k (z) as: (1) where V p is the plasma potential, V is the self-bias potential of the probe, and i i and i es are the ion current and electron saturation current, respectively. It should be mentioned that V 0 should be the amplitude of the voltage drop over the probe sheath, so in practice the voltage drop over R S was subtracted from the applied bias, and the voltage drop over the blocking capacitor was neglected since its capacitance (100 µF in our case) is many orders larger than that of the probe sheath. Assuming that i i is constant, T e and n i may be calculated from the equations
The harmonic probe technique
and
where u B is the Bohm velocity and A is the probe area.
Detailed derivations of the equations may be found in the Refs. [7, 8] .
Experimental setup
All experiments were executed on a multi-purpose microwave electron cyclotron resonance (ECR) plasma setup [12] , as shown schematically in Fig. 2 . The main chamber is cylindrical in shape with an inner diameter of 60 cm and depth of 80 cm, made of stainless steel.
The probe was placed at the axial center of the chamber, 6 cm above a substrate holder where a substrate would be placed in CVD experiments. An ECR source was set at one side of the vacuum chamber, where the plasma was produced and then transported to the main chamber. To avoid the influence of the magnetic field on the diagnostic result, an additional electric coil was set opposite to the electric coil for ECR discharge [12] to counteract its magnetic field in the region of the probe. The probe shaft was used for both the harmonic technique and the conventional Langmuir probe technique experiments, while the different functions were realized by connecting the probe to the corresponding external circuits.
Fig.2 Schematic of the experimental setup
The probe tip for the experiments of both techniques was a nickel-plated copper wire of 1 mm in diameter and 4 mm in length.
4 Experimental results and discussion 4.1 Influence of V 0 on the results of the harmonic probe technique Fig. 3 shows the change of the measured T e and n i with V 0 by the harmonic probe technique in pure Ar discharge at various microwave powers from 200 W to 600 W. The pressure for discharge was fixed to 0.16 Pa. Both T e and n i increase with V 0 , but they show different features: T e generally exhibits lower values at low V 0 values (typically V 0 < T e /e), a relatively stable region at mid V 0 values (V 0 around ∼ 2T e /e), and a further increase at higher V 0 values [ Fig. 3(a) ], while n i increases linearly with V 0 [Fig. 3(b) ].
Comparison between the results of the harmonic technique and conventional Langmuir probe technique
Under the same conditions as above, T e and n i were also measured by the conventional Langmuir probe technique, as shown in Fig. 4 . Also shown in Fig. 4 for comparison are the T e values read from the relatively stable region [ Fig. 3(a) ] and n i values obtained by linearly extrapolating the n i -V 0 trend to V 0 =0 [ Fig. 3(b) ]. The results of the harmonic technique and the conventional Langmuir probe technique in Fig. 4 show general consistency, suggesting the conditions for measurements using the harmonic probe technique that: 1) V 0 should be chosen properly to have the resultant T e located in the relatively stable region and 2) n i should be obtained by linear extrapolating the n i -V 0 trend to V 0 =0. behavior of the results of the harmonic probe technique Fig. 3(a) shows that at low V 0 values (typically V 0 < T e /e) the measured T e values are considerably lower than the true value. This is contrary to the suggestion of V 0 < T e /e in previous studies [7] for measurement of T e . The phenomenon may be due to the non-negligible change of the ion current with V 0 . In previous studies [7, 8] , the ion current i i in Eq. (1) is treated as a constant (this is true only for an infinitely large plane electrode) and eliminated as part of the DC current component due to the blocking capacitor in the circuit. However, in practice i i changes with the probe bias due to the change of the probe sheath width. For a cylindrical probe, this change is usually linear and i i may be written as
where i i is the DC component of the ion current, and the negative sign on the right is due to the phase of i i which is reverse to that of V B . Substituting Eq. (4) into Eq. (1) we can see that the ion current contributes to the first harmonic, and from Eq. (2) the enhanced first harmonic may result in lower T e . The effect of the non-constant ion current on T e is significant only when V 0 is small, since under this condition the ion current is comparable with the electron current. As V 0 increases, the electron current becomes dominant and the ion current may be neglected. The further increase of T e with V 0 in the higher V 0 region may be due to the deviation of the electron energy distribution from the Maxwellian distribution, because with increasing V 0 , electrons with lower energies may be sampled, and if they deviate from the former Maxwellian trend, the resultant T e value may change.
The linear increase of the measured n i with V 0 in Fig. 3(b) is attributed to the expansion of the sheath width of the probe, which increases the ion current. A similar phenomenon is usually observed in the I-V characteristics of the double probe [13] , and is disposed by extrapolating the linear part of the curve to zero bias for the ion saturation current.
Diagnosis of the plasmas for chemical vapor deposition of DLC thin films
Substrates of Si (111), with no bias [14, 15] when working, were cleaned ultrasonically in acetone, ethanol and deionized water to deposit films at room temperature in pure CH 4 discharge. The microwave power and gas pressure were the same as in the above conditions. During each 30 minutes-deposition, T e and n i were measured by the harmonic technique with bias signal V 0 set to 1-10 V. Data were processed in the same way that values of T e stable in a range of V 0 were chosen, and n i were those at V 0 = 0 through linear extrapolating. To characterize the deposition rate, a DEKTAK 6 M stylus profiler was used to get all the films thicknesses. Fig. 5 exhibits that electron temperature (stable at V 0 ) changes little, as expected. While ion density and films thicknesses have the same trend for varying at low microwave powers, which implies a higher n i means a higher deposition rate to some extent. When microwave power continues to increase, the film thickness decreases unexpectedly, which may be due to the H etching rate exceeding the film deposition rate. These illustrate the film deposition rate correlates to ion density closely, which is significant to research about film deposition. 
Conclusions
Significant dependence of the measured T e and n i on V 0 was observed. Though T e and n i increase with V 0 , but show different features: T e keeps stable at mid V 0 (V 0 around ∼ 2T e /e), while n i increase linearly with V 0 . Compared with the results of the conventional Langmuir probe technique, the values of T e in the stable region and n i at V 0 =0 by extrapolating the n i -V 0 trend linearly are in general consistency. The improved technique was applied to diagnose the plasmas for chemical vapor deposition of diamond-like carbon thin films. A correlation of great importance between the ion density and the film deposition rate was exhibited.
